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Plum pox potyvirus (PPV) isolates may be divided into four groups separated by serological, molecular, and epidemiological differences. Monoclonal antibodies specific for the two major groups of isolates, represented by the D and M serotypes of the virus, have been obtained. Polymerase chain reaction (PCR)-based assays allowing the direct detection and differentiation of PPV isolates have also been developed. We now report on a large-scale comparison of these two typing approaches. The results obtained show an overall excellent correlation between the results obtained in indirect double-antibody sandwich enzyme-linked immunosorbent assay using PPV-D-and PPV-M-specific monoclonal antibodies and those derived from either specific PCR assays or restriction fragment length polymorphism analysis of PCR fragments. Without exception, all isolates reacting positively with the PPV-M-specific monoclonal antibody were found to belong to the M serotype using the PCRbased assays, while 51 out of 53 isolates recognized by the D-specific monoclonal antibodies belonged to the D serotype according to the PCR typing results. However, failure to react with a specific monoclonal antibody did not prove as effective a predictor of the serotype of the isolate analyzed. In a few cases, the results obtained with the various techniques diverged, indicating low level variability of the epitopes recognized by the serotype-specific monoclonal antibodies. Isolates belonging to the two minor groups of PPV (El Amar and Cherry) also gave divergent results, indicating that the current typing assays are not suited for the analysis of such isolates.
Plum pox potyvirus (PPV), the causal agent of the sharka disease, is considered the most detrimental viral pathogen of stone fruit crops in Europe and around the Mediterranean Basin (10, 24) . The impact of the disease stems from both the severity of the damage caused to susceptible crops and the quarantine status of PPV, making it a strong limiting factor on germ plasm and propagation material movement. PPV is present in most western, central, and eastern European countries. Absent until recently from the Americas, it was recently detected in Chile, with a potential to spread to other stone fruit tree-growing regions in this part of the world (23) . Sanitary selection, eradication of affected trees, and quarantine procedures currently are the keys to fighting the sharka disease in many countries in which the virus has not yet reached endemic status (6) . To sustain these efforts, very effective methods to detect PPV have been developed over the years. Starting from woody indexing in GF305 peach seedlings and polyclonal antibody-based enzyme-linked immunosorbent assays (ELISA), the range of available detection techniques now includes monoclonal antibody (MAb)-based assays (4), molecular hybridization (25) , and polymerase chain reaction (PCR)-based assays (12, 14, 19, 26, 28) .
Early efforts at differentiating PPV isolates were not successful. However, using polyclonal antisera, Kerlan and Dunez (11) demonstrated the existence of two major serotypes of PPV, serotype D (Dideron) and serotype M (Marcus), on the basis of limited serological cross-reactivities. More recently, MAbs showing serotypespecific reactivities have been obtained for both the D (4) and M (2) serotypes. Following a different route of investigation, sequence analysis of PCR fragments corresponding to the C-terminal part of the PPV coat protein gene has allowed the identification of a molecular polymorphism correlated with the serotype of the PPV isolates (8, 9) . Initial results have indicated that an RsaI restriction fragment length polymorphism (RFLP) located in this region could be used, following PCR amplification, to discriminate between the D and M serotypes of PPV (3, 28) . More recently, a cluster of noncoding, third-base mutations on five consecutive codons located around the RsaI RFLP site was found to show an excellent correlation with the viral serotype (9) . This observation was used as the basis for direct PCR typing of isolates belonging to the D and M serotypes of PPV (8) .
Recent evidence suggests that the two PPV serotypes show significant differences in their epidemiological properties and in their natural host range (1, 21) ; therefore, control measures may have to be adapted to the particular PPV serotype being targeted. In particular, the M serotype isolates appear to readily infect peach under field conditions; whereas the D serotype isolates are, in general, much less able to do so. The introduction of PPV-M isolates in France during the mid-1980s and their recent detection in Italy (20) , with the ensuing worsening of the PPV situation on the peach crops, is an indication that such isolates have the potential to further deteriorate the PPV situation in many European coun-tries. In this respect, the availability of reliable PPV detection and typing assays is the key to continuing efforts to fight the sharka disease in many countries.
In this study, the results of a large-scale trial designed to compare serology-based and nucleic acids-based PPV typing assays are presented. The results obtained indicate that the two types of techniques are, in general, in excellent agreement. However, in a limited number of cases, discrepancies were observed between the various techniques. As a consequence, even if serology-based assays are likely to be preferred for large-scale screening, PCRbased assays should be considered as the reference technique for typing PPV isolates.
MATERIALS AND METHODS
PPV isolates and preparation of plant samples. Eighty-four PPV isolates from the collections of the Station de Pathologie Végétale (INRA, Bordeaux, France); the Departamento de Protección Vegetal y Biotecnología (IVIA, Valencia, Spain); the Unité de Recherches sur les Arbres Fruitiers et la Vigne (INRA, Bordeaux, France); and the Dipartimento di Protezione delle Piante, Universita degli Studi (Bari, Italy) were used in this study. These isolates were selected to cover both the host range and the geographical range of PPV, in order to give a very broad representation of the virus variability. The viral isolates were maintained under greenhouse conditions either in a woody indicator (GF305 peach seedlings) or in a herbaceous experimental host (Nicotiana benthamiana). Some isolates were also directly analyzed as field samples in their original Prunus host.
Extracts of plant material were prepared by grinding 1:10 (wt/vol) in phosphate-buffered saline, pH 7.2 (NaCl, 137 mM; KCl, 3 mM; KH 2 PO 4 , 1.5 mM; Na 2 HPO 4 , 8 mM; and sodium azide, 0.02%), supplemented with 2% polyvinylpyrrolidone (PVP K25), 20 mM sodium diethyl dithiocarbamate, and in some instances, 0.5 g of Tween 20 per liter. The extracts were used in indirect doubleantibody sandwich ELISA assays (ELISA-DASI) or in immunocapture PCR (IC-PCR) (26) assays after a clarification step (10 min of centrifugation, 18.000 × g). In some cases, the immunocapture phase of IC-PCR was replaced by the printing phase of the printcapture PCR (PC-PCR) technique described by Olmos et al. (19) , in which sections of plant material are directly blotted on Whatman 3MM paper (Whatman International, Ltd., Maidstone, England) before PCR.
ELISA-DASI. ELISA-DASI (5) was performed by coating Nunc immunoplates (Nunc, Roskilde, Denmark) with 200 µl per well of a solution of 1 µg of anti-PPV immunoglobulins from rabbit antiserum per ml of carbonate buffer. After trapping viral particles from the plant extracts, PPV-D-specific MAbs (MAb 4DG5, 0.1 µg/ml, and MAb 4DG11, 0.02 µg/ml) (4) and PPV-M-specific MAb (MAb Al, ascitic fluid diluted 1/40,000) (2) were then applied. A MAb detecting all PPV isolates (MAb 5B-IVIA, 0.1 µg/ml) (4) was used to verify the presence of PPV. Following incubation with plant samples, alkaline phosphatase-conjugated goat antimouse immunoglobulins (Sigma Chemical Co., St. Louis, or Boehringer GmbH, Mannheim, Germany) were used. The plates were read at 405 nm in a Titertek Multiscan Plus MK II automatic reader (Flow Laboratories, McLean, VA). Positive and negative controls (noninoculated GF305 peach seedlings or N. benthamiana) were systematically included.
IC-PCR and PC-PCR typing of PPV isolates. One hundred microliters of clarified plant extract was submitted to an immunocapture performed directly in the tubes used for the reverse transcription PCR (RT-PCR) reaction as described previously (26) . The coating of the immunocapture tubes was performed using 2 µg of immunoglobulins (purified from a rabbit polyclonal antiserum showing broad reactivity towards PPV isolates) per ml. Alternatively, in some cases, the PC-PCR protocol was used, thus avoiding the plant extract preparation and the specific capture phase (19) .
The one-step RT-PCR protocol described by Candresse et al. (8) was used. Briefly, 25 µl of RT-PCR mix (10 mM Tris-HCl, pH 8.8; 50 mM KCl; 1.5 mM MgCl 2 ; 0.3% Triton X-100 (wt/vol); 1 µM of each primer; 250 µM dNTPs; 0.25 units of avian myeloblastosis virus reverse transcriptase [AMV-RT] [Pharmacia Biotechnology Inc., Uppsala, Sweden]; and 0.5 units of Taq DNA polymerase [Stehelin, Basel, Switzerland]) were directly added to the washed capture tubes. The cDNA synthesis and amplification were carried out in a Biometra Trio-block cycler (Biometra, Göttingen, Germany) at 42°C for 45 min, followed by a denaturation phase at 92°C for 2 min and 40 cycles of amplification (92°C for 30 s, 62°C for 30 s, and 72°C for 1 min). Following amplification, 10 µl of PCR products was analyzed by electrophoresis on 1.5% agarose gels in TBE buffer (Tris, 89 mM; boric acid, 89 mM; and EDTA, 2 mM) stained with ethidium bromide and finally visualized under UV light.
Two PCR-based assays were concurrently used to type the PPV isolates. The first assay is based on the detection of the RsaI RFLP discriminating the D and M PPV serotypes (3). The broadreactivity, PPV-specific primers P1 and P2 were used to amplify all PPV isolates (28) . Following amplification, the PCR fragments were extracted with chloroform, ethanol precipitated and finally digested using the RsaI restriction endonuclease before gel electrophoresis analysis. The second assay is based on the use of the general P1 primer, together with the PD (5′CTTCAACGACA-CCCGTACGG3′) or PM (5′CTTCAACAACGCCTGTGCGT3′) serotype-specific primers. In this case, positive amplification directly detected by gel electrophoresis is only obtained with the pair of primers containing the homologous serotype-specific primer.
Heminested PCR (H-PCR).
In some cases, typing using the above described IC-PCR or PC-PCR procedures was replaced by an H-PCR procedure (18) , also allowing the direct typing of PPV isolates, but showing increased sensitivity. This assay uses as second-round internal primers the PD and PM serotype-specific primers described above, so that the typing specificity of the two techniques is strictly identical. Amplification products were analyzed as above, except that 3% agarose gel electrophoresis was used.
Determination and analysis of the nucleotide sequence of PCR-amplified PPV cDNAs. Primers P3D (5′ACATTGCGGAG-ACAGCACTG3′) and P4b (5′TGCCTTCAAACGTGGCACTG3′) have been specifically designed to allow the amplification of a region comprising the end of the nuclear inclusion b gene and the hypervariable N-terminal portion of the coat protein gene of PPV isolates belonging to the D serotype. Following amplification using primer pairs P1-P2 or P3D-P4b (using one of the primers in a biotinylated form), the amplified cDNAs were directly sequenced as described by Revers et al. (22) . Sequence acquisition and analysis were performed as described (22) .
RESULTS AND DISCUSSION
Serotyping of PPV isolates using MAbs. The names and origins of the 84 PPV isolates analyzed during this work (59 collection isolates and 25 field samples) are presented in Table 1 , together with the results obtained using the various typing assays. These isolates originate from a total of 17 countries including all major PPV-affected regions of the world (17, 24) . The original isolation hosts, although not indicated, cover the biological range of PPV including all major economical hosts of the virus such as apricot (P. armeniaca), European plum (P. domestica), Japanese plum (P. salicina), peach and nectarine (P. persicae), and sour cherry (P. cerasus, a recently discovered host for some PPV isolates) (15) . Thus, it can reasonably be considered that the isolates selected cover both the geographical and biological variability range of PPV. To achieve complete representation of the four groups of PPV isolates, the El Amar isolate (27) and the Sour Cherry isolate (SoC, a member of the PPV-Cherry group) (15) were included in the study, together with members of the D and M serotypes of PPV and with the Dideron and Marcus isolates initially described as representative members of these two serotypes (11) .
The first observation that can be derived from the analysis of the data presented in Table 1 is that all the PPV isolates tested reacted positively with the 5B-IVIA MAb, thus confirming the excellent polyvalence of this antibody (4) . Analysis of the reactivity of the various PPV isolates towards the D-specific MAbs (4DG5 and 4DG11) (4) and the M-specific MAb (AL) (2) indicates that, in the vast majority of isolates for which this information is available (60 out of 67), reactivities towards these serotype-specific reagents are, as expected, mutually exclusive. On the other hand, a perfect correlation (80 out of 80) was observed between the reactivities towards the two D-specific MAbs. This result, together with the observation that the optical density values obtained with these two MAbs are always correlated and with preliminary epitope mapping data, provides indirect evidence that these MAbs recognize the same epitope or very closely related epitopes.
In only two cases was a simultaneous reaction with both the Dspecific and the M-specific MAbs observed. In the case of isolate AL from Albania, PCR analysis using the serotype-specific primers (8) revealed a mixed infection, since positive amplification was obtained with both the P1-PD and P1-PM primer pairs (Table  1) . A similar case of double infection involving D and M serotypes was detected by PCR in isolate X84/P8.1 Bourran. In this case, occurrence of a mixed infection was demonstrated by both serotype-specific PCR and RFLP analysis of a PCR-generated cDNA fragment (3). In the second case, in which simultaneous reaction with the D-and M-specific serological reagents was observed (Turchia isolate from the INRA-RF collection), PCR analysis only revealed the presence of an M-serotype isolate (discussed below). a The names of the isolates as they appear in their respective collections are given. Isolates for which a discrepancy between the serotyping and PCR-based typing was observed are preceded by an asterisk. b Host refers to the propagation host used. GF305 = GF305 indicator peach seedling, N. = Nicotiana, and P. = Prunus. When field samples were directly used, this is indicated by the "FS" following the host name. c Origin refers to the country in which the isolate was originally isolated. PCR assays using the PD and PM serotype-specific PCR primers either in direct PCR or in print-capture PCR followed by hemineste d-PCR (31 samples), respectively. RFLP indicates restriction fragment length polymorphism analysis of a PCR product obtained using the P1-P2 polyva lent primer pair; the serotype determined in this assay is directly given. NT = not tested. f PPV strain 483 is a recombinant PPV isolate obtained in the laboratory of J. A. García (Madrid, Spain). g NA = not applicable Failure to react with both types of serotype-specific MAbs was also observed in a few isolates (5 isolates out of 67). In the case of the El Amar (27) and Sour Cherry isolates (16), these results merely reflect the divergent status of these isolates and, in the case of the SoC isolate, confirm previously published results (16) . The case of the three other PPV isolates that failed to react with both the Dspecific and the M-specific MAbs (French isolates Rouge de Fournès, Colomer Raoux, and 24-4-SE) is more difficult to interpret, since PCR analysis confirmed the presence of PPV infection (as was predicted by the reactivity towards MAb 5B-IVIA) and demonstrated only the presence of a D serotype isolate (discussed below) by both PCR and RFLP analysis.
It thus appears that although serotyping using the available MAbs is a fairly reliable technique, a few PPV isolates exist that either possess simultaneously the epitopes recognized by these MAbs (1 isolate out of 67) or do not have any of these epitopes (5 isolates out of 67). Although this could have been expected of widely divergent isolates such as El Amar and SoC, these results are more of a surprise concerning less 'exotic' PPV isolates. They also indicate that serotyping using the available MAbs is not absolutely foolproof.
Typing of PPV isolates using PCR-based assays. Analysis of the typing results obtained using the serotype-specific PCR primers gives, by comparison with the MAb-based typing, a clearer picture; simultaneous amplification using both primer pairs was observed in only 2 cases out of 80 isolates tested. As noted above, these two cases (X84/P8.1 Bourran and AL) reflect a mixed infection involving D and M serotype isolates.
Failure to react with both P1-PD and P1-PM serotype-specific primer pairs was also observed in a few cases (2 out of 80: isolates Llutxent 11 and Llutxent 145). However, these isolates reacted positively with the P1-P2 primer pair and were shown to be 
of the D serotype by RFLP analysis. As these were field isolates, direct re-analysis of the samples could not be performed, which makes interpretation of these results difficult. However, since all Llutxent isolates came from a single experimental plot, the most likely explanation is a failure of the PCR reactions, possibly due to incomplete washing of plant material during the PCR procedure, resulting in inhibition of the PCR reaction (7) . Another interesting result is that, with the exception of these two isolates and of the two divergent El Amar and SoC isolates, a perfect correlation was observed between the direct PCR typing assays and the typing assay based on RFLP analysis. Such results are, however, not surprising, since the serotype-specific primers were designed to anneal to a polymorphic region that contains the RsaI polymorphism (8) . The two divergent isolates cannot be efficiently analyzed using the available serotype-specific PCR primers. Since they do not contain the RsaI site, both isolates type as M in the RFLP assay. Using the serotype-specific primers, ambiguous and not fully reproducible results are obtained (denoted by +/-signs in Table 1 ). For example, isolate SoC failed to amplify using the P1-PM primer pair and only weakly amplified (with reproducibility problems) using the P1-PD primer pair. This observation is probably correlated with the presence of mismatches at positions 4, 7, 10, and 13 of the PD primer (1 being the 3′-terminal nucleotide) (13) . The El Amar isolate shows the reverse situation, since it was not amplified using the P1-PD primer pair and was only weakly amplified using the P1-PM (with mismatches at positions 10 and 13).
Although not completely satisfactory, in particular when it comes to the divergent El Amar and SoC isolates, the PCR-based typing assays give, in general, fewer problems than the serology-based techniques. The RFLP technique provides unambiguous results and readily allows the detection of mixed infections. Similarly, since the PD and PM primers differ at positions 1, 4, 7, 10, and 13, it is highly unlikely that simultaneous amplification with both sets of primers can be achieved outside of a mixed infection configuration (13), a situation that cannot be readily analyzed using serological reagents.
Comparison of MAb-based and PCR-based typing results. Comparison of the typing results obtained using the MAb-and PCR-based techniques indicates an overall good correlation of the two types of techniques (Tables 1 and 2 ). This is particularly true if only reactivity towards a specific MAb is retained as an indication of the serotype status of an isolate, as opposed to using also a failure to react as an indication that the particular isolate belongs to the other serotype. Using this restrictive criterion, reactivity towards the D-specific MAbs indicated correctly the presence of a D serotype isolate in 96% of cases (51 cases out of 53, including two mixed infections) ( Table 2 ). Even better, reactivity towards the M-specific MAb gave a correct indication (presence of an M serotype isolate) in 100% of cases (including a mixed infection) ( Table 2) .
Out of the 84 PPV isolates analyzed, a total of 16 showed typing inconsistencies in these experiments (either within or between the two typing techniques) ( Table 1) . Of these, two cases correspond to mixed infections (X84/P8.1 Bourran and AL) and two to the divergent El Amar and SoC isolates, leaving 12 samples showing discrepancies. Of those, the seven Llutxent samples, which came from the same P. salicina experimental plot, are likely to reflect the presence of a single PPV isolate with unusual characteristics, while the three French samples (Rouge de Fournès, Colomer Raoux, and 24-4-SE), although not originally collected from the same orchard, may correspond to the same outbreak since they were all collected in the same region of France in the early 1980s. This could therefore leave a minimal number of six PPV isolates showing typing discrepancies (one French isolate, Turchia, Abricotier Turquie, and one Llutxent isolate plus El Amar and SoC) out of the total of 84 PPV isolates analyzed. It therefore appears a safe conclusion that PPV isolates behaving differently in the serological and PCR-based assays are a small minority of existing PPV isolates.
In the case of the French and the Llutxent isolates, the discrepancy observed is apparently the result of the absence of the epitope(s) recognized by the D-specific MAbs. Interpretation of these isolates as belonging to the D serotype is based on the following results: (i) positive amplification using the P1-PD primer pair, (ii) typing as D isolates in the RFLP assay, and (iii) positive amplification (in the case of the French isolates) using another pair of serotype-specific primers, P3D-P4b, targeting another region of the genome (data not shown).
Another Figure 1B , which shows a phylogenetic tree reconstructed from the alignment shown in Figure 1A . From Figure  1 , it is clear that, despite its failure to react with the D-specific MAbs, the PPV-94-055 isolate belongs to the PPV-D cluster. Taken together, these results confirm unambiguously the existence of PPV isolates belonging to the D group or serotype but that have apparently lost the epitope(s) recognized by the PPV D-specific MAbs (4DG5 and 4DG11) available to date.
The case of the other two isolates showing discrepancies (Turchia and Abricotier Turquie) is also interesting. Both of them were isolated in Turkey in peach (Turchia) or in apricot (Abricotier Turquie). Both of these isolates reacted positively with the D-specific monoclonals, while only the Turchia isolate reacted with the M-specific MAb. At the same time, both isolates unambiguously typed as M serotype members in both the specific primer and RFLP assays. Interpretation of these isolates as belonging to the M serotype was confirmed by partial sequence analysis on one of them (Abricotier Turquie) (8 tested in this study that did not react with the AL monoclonal, demonstrating that the excellent specificity of this MAb for the M serotype may be faulted in exceptional cases. It is now clear that neither of the techniques studied here is currently suitable for the typing of the divergent El Amar and SoC PPV isolates. However, availability of the appropriate sequence data (16, 27) should render relatively straightforward the selection of PCR primers with the suitable specificity.
Concerning the use of serology-based and PCR-based techniques for the typing of the isolates belonging to the D and M serotypes, the results presented here indicate that, even if PCRbased assays seem to be more reliable for the identification of isolates belonging to the D serotype, both types of techniques show good reliability and should prove useful for the determination of the particular M or D PPV serotype present in infected orchards. The analyses performed here indicate, for example, that , X97398) . B, Phylogenetic tree reconstructed from the multiple alignment shown on A. The same abbreviations are used as in A. The tree, depicted as a phylogram, was reconstructed as described previously (22) . The scale bar indicates the genetic distance in arbitrary units.
Spain is apparently still free from M serotype isolates and that no M serotype isolates were found in the four samples from Chile. Comparison of the two techniques indicates the existence of a few percent of PPV isolates with alterations of the epitopes recognized by the currently available serotype-specific monoclonal reagents. However, their ease of use, lower cost, and overall good performance, especially when using only a positive reaction as the typing criterion, demonstrate that the 4DG5, 4DG11, and AL MAbs will undoubtedly be useful in routine or large-scale screening of PPV infections whenever typing of isolates is requested.
